The dry-heat resistance characteristics of spores of psychrophilic organisms isolated from soil samples from the Viking spacecraft assembly areas at Cape Kennedy Space Flight Center, Cape Canaveral, Fla., were studied. Spore suspensions were produced, and dry-heat D values were deternined for the microorganisms that demonstrated growth or survival under a simulated Martian environment. The dry-heat tests were carried out by using the planchet-boat-hot plate system at 110 and 125°C with an ambient relative humidity of 50% at 22°C. The spores evaluated had a relatively low resistance to dry heat. D(110°C) values ranged from 7.5 to 122 min, whereas the D(125°C) values ranged from <1.0 to 9.8 min.
In the exploration of distant planets, it has been recognized that there is a definite need to prevent their contamination (9) . For this reason, the National Aeronautics and Space Administration has, for the past several years, supported research in planetary quarantine. This involves many fields, including spacecraft sterilization (9) . All possible factors related to sterilization should be investigated to assure that planetary exploration by terrestrial spacecraft does not alter the ecology of the planet under investigation or interfere with the search for life on other planets.
In an earlier paper on the characteristics of psychrophilic microorganisms (8) , it was noted that this important microbial subpopulation may have been excluded from the microbial monitoring program. Although it is generally accepted that psychrophiles may not be the most heat-resistant group of microorganisms, they do possess physiological characteristics that may favor their growth in environments similar to those of the outer planets. Also, it is known that some sporeformers possess the ability to grow at low temperatures, and this group may include some of the more heat-resistant microorganisms.
The objective of this investigation was to determine the resistance of selected psychrophiles to dry heat, the lethal agent that was employed by the National Aeronautics and Space Administration to sterilize the Viking Lander.
For this investigation, psychrophiles are defined as microorganisms that grow and form visible colonies on solid media at 3°C within 7 to 10 days and will not grow above 24°C.
MATERIALS AND METHODS
Microbial cultures. Spore suspensions were prepared from 15 D-value determination. The objective of these studies was to compare data gathered on the survival characteristics of different psychrophilic spores under identical test conditions. All operations, prior to incubation of the plates, were carried out in a laminar downflow clean room. The clean room was maintained at 220C and 50% relative humidity.
The procedures used in this investigation are those described by Drummond and Pflug (6, 7) , in which stainless-steel planchets supported the spore deposits and rectangular copper boats supported the stainless-steel planchets during heating.
Every heating trial utilized 24 permanently numbered rectangular copper boats, each containing two planchets (0.5 by 0.5 inches [ca. 1 .27 by 1.27 cm]) laid flat in a shallow groove running the length of each boat. The copper boats were cleaned with sterile, 95% ethyl alcohol and arranged in numerical order in four rows of six boats each on a sterile, stainless-steel sheet.
A 0.01-ml portion of spore suspension was deposited on each planchet. The boats containing inoculated planchets were transferred to a second sterile tray in the order in which they were to be later placed on a hot plate. Hot-plate position was determined by the use of a table of random numbers.
After the spores had been deposited, they were allowed to condition (dry and equilibrate) for 20 to 24 h in the laminar downflow clean room maintained at 22°C and 50% relative humidity. During this period, the boats and planchets were shielded from direct airflow by placing a sterile, stainless-steel tray over them; however, air could circulate over the planchet, since all sides were left open.
Using a table of random numbers, we assigned 21 of the boats, in groups of three, heating times, and the remaining three were used as nonheated controls. Heating schedules and hot-plate placement diagrams were made for each experiment. The copper boats with the planchets were placed on the hot plate and heated for the designated time. Upon completion of the heating time, the boat was immediately removed from the hot plate and placed on a cooling plate for a minimum of 3 min. All heating times were completed before the planchets were processed for spore recovery.
The two planchets from a boat were both transferred spore side down into a dry, sterile, prelabeled 125-ml Erlenmeyer flask. Based on the estimated number of survivors, 25 to 50 ml of 0.07 M phosphate buffer was added. Each flask was then subjected to sonic treatment at 25 kHz/s for 2 min. After sonic treatment, the flask was removed, and 1.0 ml of suspension was transferred to a 25-or 50-ml dilution blank. After mixing by shaking, 0.1-, 1.0-, and 10.0-ml portions were each plated in duplicate. The second dilution step was eliminated when planchets from longer heating times were processed. The 10-ml portions were plated with 15 In all experiments, the spores were heated at 1100 and 125°C. Heating was carried out on a specially designed hot plate. The temperature of the hot plate was electronically monitored by thermocouples attached to two special copper boats. The thermocouples were connected to a temperatue-recording potentiometer.
Expected sources of variation were the physical characteristics of the boats, the position of the boats on the hot plates, the order of deposition, and the order of treatment. The experimental design included a randomization scheme designed to reduce the chance of systematic effects due to these sources.
RESULTS
The results of this investigation are summarized in Table 1 . D,1o values ranged from 7.54 (K-3-27) to 122 min (K-12-33), whereas the D125 values ranged from <1 (K-3-27 and K-11-123) to 9.78 min (K-3-110). The intercept ratio (IR) (IR = log YJlog No) is a gross measure of the shape of the survivor curve during the initial portion of the heat treatment (14) . If the IR value is greater than 1.0, the curve is concave downwards (the curve may be thought to have a shoulder). If the IR value is less than 1.0, the initial portion of the curve is concave upwards. (1-3, 12, 13) . Drummond and Pfiug (7) showed that the relative humidity of the environment before and during dry-heat exposure may have profound effects on the heat resistance of bacterial spores. The term dry heat obviously implies the application of heat in the absence of water. A wet-or moist-heat sterilization cycle may be defined as one in which the organism is in contact with an environment having an aw of 1.0 or a water-saturated atmosphere. These conditions are met only when the organism is heated in contact with pure water or saturated steam. This definition of wet heat implies that dry heat is not an equally specific condition but, rather, a range of conditions. For this reason, the relative humidity throughout this investigation was controlled and kept at 50% at 22°C to standardize the procedures and, therefore, keep the relative humidity from becoming a variable. No attempt was made to study the effect of relative humidity on the dryheat resistance of the psychrophilic spores. Further investigations should be conducted to establish the psychrophilic response to various dry-heat cycles at different relative humidities.
It has been established experimentally that the dry-heat resistance of psychrophilic spores isolated in the pure state is low. These same psychrophilic organisms when heated in their natural mixed populations or with soil particles of various sizes may react differently. The dryheat sterilization cycle used for sterilizing the Viking Lander gives a high probability for selecting against psychrophilic sporeformers, even when they are present in large numbers.
